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Abstract 
The production efficiency has an important role for each manufacturing process, especially in the process of drilling a large number of holes, 
where production depends on the time required for drilling. The tool path optimization during the drilling is necessary because it leads to 
increase productivity and to save production costs, especially if the tool that performs drilling operation must visit a significant number of 
places. The proposed solution is obtained by using a genetic algorithm whereby the optimization problem is reduced to the Traveling Salesman 
Problem. Problem solution was achieved by using MATLAB software, and the obtained results were compared with the results achieved with 
CAM software (WinCAM, CAMConcept and CATIA V5). 
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Nomenclature 
CAM       Computer Aided Manufacturing 
GA          Genetic Algorithm 
TSP         Travelling Salesman Problem 
ACO        Ant Colony Optimization 
PSO         Particle Swarm Optimization 
1. Introduction 
Solving the optimization problem of tool path has an importante role, primarly, at mass production, because reducing the time 
to perform one piece ultimately leads to a significant reduction in cost of the entire series. In this paper, was considering the 
drilling a large number of holes, which is often the case in practice, and continuation of the work gives an overview of possible 
solutions for the various production problems. 
According to [1], the goal of the research is to reduce the tool path and time processing of drilled printed circuit boards. The 
paper is divided into two parts, where the first part is the original hybrid algorithm for solving the Travelling Salesman Problem 
with the aim of reducing the length of the tool path, and a mathematical model for calculating the processing time was 
developed. The algorithm finds an optimal tool path, which has a proven affects on the process productivity.  
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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Optimization of tool path [2] has proven useful in the aerospace industry for the purpose of riveting the wings of the aircraft, 
where is necessary to define a logical and therefore the optimal sequence of drilling holes for improving the efficiency of the 
automatic drilling (because of the large number of holes), which was achieved by Ant Colony Optimization (ACO) method, with 
applied new rules for finding sequence. In the proposed ACO algorithm was incorporated the Pareto dominance to find a 
sequence that is not dominant. Tested method demonstrates the feasibility and superiority in relation to Particle Swarm 
Optimization (PSO) and Genetic Algorithm (GA).  
According to [3], helical milling is often used for making holes of composites and composite-metal material compound in the 
aerospace industry. In this paper, the problem of optimization of path processing is turned into a Travelling Salesman Problem, 
and mathematical model which is set up has been solved with ACO method which resulted in increased efficiency of 41.1%.  
Optimal route planning of CNC drill for special class of products that include a large number of holes arranged in a 
rectangular matrix is investigated in the work [4]. The study was conducted with ACO algorithm, with two proposed changes of 
the basic ACO algorithm in order to use advantage of rectangular arrangement holes into the space. The modified algorithm 
significantly reduces the total distance of tool path in relation to the basic ACO algorithm or a typical genetic algorithm.  
In the paper [5], on the example of path optimization during drilling, hybrid algorithm is based on a genetic algorithm and 
Hill-Climbing algorithm. With the change of the crossover and mutation operators (which improves the ability of local search 
and faster convergence) has shown that the algorithm can reduce the tool travel path, and thus significantly improves the 
efficiency of processing.  
In the paper [6], to reduce the total time and distance of the tool path sequence of drilling, for Travelling Salesman Problem, 
genetic algorithm was used. Using the TSP, the problem is simplified, and the time of drilling was reduced by using genetic 
algorithm in the MATLAB software, which provides the best solution, as compared with the solutions obtained by using the 
Excel software and based on data obtained from the industry.  
2. Methods 
2.1. Travelling Salesman Problem (TSP) 
Today, we have developed many methods to solve the Traveling Salesman Problem, which can be devided into exact, 
approximation, heuristics and metaheuristics methods.  
Solving the Travelling Salesman Problem with evolutionary algorithms is very common. Although evolutionary algorithms do 
not always find an optimal solution, their advantage is that they can in real time find a solution that is very close to the optimal.  
Determination of drilling sequence is similar to the Travelling Salesman Problem based on finding the shortest path, where 
each city is visited only once and when it is known the distance between each city. Travelling Salesman Problem is one of the 
best known and most extensively studied combinatorial optimization problems and it is classified as NP (nondeterministic 
polynomial time) - hard problems. Its mathematical model is searching for Hamilton's cycle at least weight in a weighted graph, 
and can be defined as a complete undirected graph G = (V,E) if it is symmetric, and directed graph G = (V,A) if it is asymmetric 
(edge weight, respectively, path lenght has different values depending on the direction of the tour). The set ܸ ൌ
ሼͳǡǥ ǡ ݊ሽrepresents a set whose elements we call the vertex, ܧ ൌ ሼሺ݅ǡ ݆ሻǣ ݅ǡ ݆ א ܸǡ ݅ ൏ ݆ሽ represents a set whose elements we call 
edges, whileܣ ൌ ሼሺ݅ǡ ݆ሻǣ ݅ǡ ݆ א ܸǡ ݅ ് ݆ሽrepresents a set whose elements we call arcs. 
Distance matrix ܦ ൌ൫݀௜௝൯ satisfy ineguality triangle in case when is  ݀௜௝ ൑ ݀௜௞ ൅݀௞௝,  for all  ݅ǡ ݆ǡ ݇ [7].
The goal is to minimize the total path length  ݀௜௝ : 
Min  σ ݀௜௝ݔ௜௝ǡሺ௜ǡ௝ሻאா                                                                           (1)      
                    
In the case of plane problems, ݀௜௝ ൌ ට൫ݔ௜ െ ݔ௝൯ଶ ൅൫ݕ௜ െ ݕ௝൯ଶ is the Euclidean distance. 
Within the constraints: 
σ ݔ௜௝௝א௏ǣሺ௜ǡ௝ሻאா ൅σ ݔ௝௜௝א௏ǣሺ௝ǡ௜ሻאா ൌ ʹǡ݅ א ܸ                             (2) 
σ ݔ௜௝ሺ௜ǡ௝ሻאாǣሼ௜ǡ௝ሽאௌ ൑ ȁܵȁ െ ͳǡ ׊ܵܸǣ ʹ ൑ ȁܵȁ ൑ ݊ െ ʹ(3) 
ݔ௜௝ א ሼͲǡͳሽǡ݅ǡ ݆ א ܸǤ
Expression (2) ensures that each city has visited only once, and according to the second limitations, expression (3), are not 
allowed sub-tours, i.e., eliminates the possibility that in the solution appears more than one contour. A binary representation of 
solutions is not suitable for this type of problem, and the solutions are represented as vector or matrix. Types of the vector 
representation are Adjacency Representation, Ordinal Representation, and representation in order of the tour which was used in
this work. Each tour is possible permutation of 1, 2, 3,..., n where n is number of cities (in this case the number of holes), and the 
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number of possible tours is n!, i.e., (n-1)! for asymmetric problems, or (n-1)!/2 for symmetric problems when the starting point of 
departure of the tour are known. The case in this paper is n!/2 because it is a symmetrical problem and starting point of drilling is 
not defined.
2.2. Genetic Algorithm – general model [8] 
GA is the optimization method based on the natural evolution, with the basic idea of survival of the best individuals in the 
population. Unlike most of the deterministic algorithms, GA does not start search from the one point of solution, already from a 
whole range of potential solutions that are usually randomly generated and represents the initial population of the genetic 
algorithm. Depending on the given problem, capability (goodness) defined in fitness (objective) function, are determinate to the 
initial population. In every generation chosen solution is closer to the optimum in comparison with other members of the 
population, while inferior solutions were rejected. Selected solutions are subjected to genetic crossover and mutation operators in 
order to create a new generation. The procedure is performed iteratively until the stopping criterion is met as a defined by the 
user. The basic algorithm structure is shown in Fig. 1.
Fig. 1. Basic genetic algorithm
The basic terms used in the work of genetic algorithm [9] are shown in the Fig. 2.
Fig. 2. Display of the basic terms int the work of the GA
The chromosome consist of the genes, where each gen is an one parameter, or variable xi = (i = 1,…,n). X = [chromosome] = 
[gen1,…,genn] = [x1,…,xn].
Each chromosome represents the one individual, or a one possible solution of the problem, and the set of all chromosomes 
makes the population, i.e., the set of all possible solutions. The genetic algorithm process consist of the next steps: encoding of 
individuals, evaluation of fitness of individual, selection, crossover, mutation (permutation) and solution decoding [8]. 
3. Experimental results 
At the selected technological task, prismatic workpiece (dimensions 60x100x10 mm), shown on Fig. 3a, the optimization of 
drilling sequence was accomplished by using genetic algorithm on the principle of Traveling Salesman Problem. The task was 
defined as drilling of 158 holes on the prismatic workpiece, with minimal tool path, where the starting point of drilling depends 
on the random selection of the genetic algorithm, and after the last hole drilling the tool stays in the current position (without 
returning to the starting position). For a given problem of the tool path optimization, minimizing the lenght of tool path was 
realized using the MATLAB software, and the results were compared with the results achieved with CAM software: WinCAM, 
CAMConcept and CATIA V5. The achieved software solution was simulated in EMCO WinNC program (Fig. 3b) for Sinumerik 
840D Mill control unit and made on the machine EMCO PC Mill 105.  
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a) b)
Fig. 3 (a) Prismatic workpiece; (b) 3D simulation in EMCO WinNC
The initial population of chromosomes was randomly created, where each chrormosome represents a string of holes that need 
to drill, and each gene represents assigned number of holes. 
For a given problem of the tool path optimization, number of individuals in the population, as well as the number of 
generations (iterations), determined experimentally, and the genetic algorithm was running multiple with different combinations 
of population size and stopping conditions, an in order to determine parameters of the algorithm that gives the best solution. 
In Fig. 4a, the solution achieved by simulation with WinCAM software are shown. The total distance of tool path lenght 
achieved with EMCO CAMConcept program for milling was 1994.339 mm, while the total distance of tool path lenght achieved 
with WinCAM program was 1016.617 mm. By simulating the drilling process in CATIA V5 program, it was achieved a total 
distance lenght of tool path in the amount of 981.078 mm. 
a) b)
Fig. 4 (a) The optimal tool path accomplished with WinCAM software; (b) Running of the tool path optimization by using GA in MATLAB software
The proposed genetic algorithm (in MATLAB) finds an optimal solution (Fig. 4b), or the minimum distance of tool path in 
the amount of 868.9127 mm.  
The number of generations in this case determines on stopping execution of the algorithm. The algorithm was tested on a 
sample with a smaller number of holes, and the results were compared with results obtained by heuristic nearest neighbor 
method. Genetic algorithm, for a defined problem with 4 holes finds an optimal solution already with 10 generations and 5 
individuals in the population.  
The efficiency of the applied methods based on results of minimum tool path distance are shown graphically (Fig. 5).
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Fig. 5 Results of minimum tool path distance for various software 
Table 1 shows the best fitness function value (the total distance of tool path in mm), and the mean value of the fitness function 
of the overall population, depending on the population size and the number of generations, acquired by the multiple start of the 
genetic algorithm.   
Table 1. Value of the fitness function value (fval) depending on the population size and the number of generations  
generation population fval (best), mm fval (mean), mm CPU time, s
 
500 200 1480.2177 1689.9750 7.2901
700 200 1237.7872 1470.1103 10.4131
700 300 1208.0675 1427.1967 11.4407
1000 500 1017.8563 1259.6212 20.3408
1000 700 984.9599 1218.0643 23.3675
1200 700 974.5563 1222.7024 27.5997
1500 700 951.3194 1185.4522 33.6985
1500 1000 959.7269 1202.5356 40.4910
2000 1000 922.1481 1169.8252 58.3758
2500 1000 911.2371 1144.1853 70.0562
3000 1500 894.9974 1128.9263 109.6244
3500 2000 883.2104 1113.3463 158.7965
7000 3500 880.0346 1112.8629 497.5805
10000 5000 868.9127 1108.1375 918.6998
20000 10000 866.5838 1108.2155 3447.5238
With data analysis (Table 1) it was concluded that for the given case substantial increase of the number of individuals in the 
population, and consequently increasing the number of generations (in order to keep the quality of the solutions) gives a much
better solution of the case with a smaller number of generations and a smaller number of individuals (specific for a cases with a 
smaller number of holes). Smaller population have a higher chanse to “stuck“ in a local optimum, but through the generations 
iterates much faster than the larger population, which is more suitable for the complex problems, in this case for the problem 
with a large number of holes. The probability of occurrence a good individual is higher when the larger is the population, 
especially from randomly generating a first population. 
Table 1 shows the average execution time of the algorithm, in seconds, also depending on the number of generations and the 
size of the population, and from the same, can be concluded that the increase of the number of individuals in the population, as 
well as increasing the number of generations, increases the computational complexity, and therefore the total execution time of
the algorithm. In that way we directly influence to the quality of the obtained solution, and increasing the size of the population 
reducing the probability of premature convergence to a local optimum. By increasing the number of generations we directly 
affects to the execution time of the algorithm, as well as on the quality of the obtained solutions. A larger number of generations 
gives a better solution, but due to increasing the execution time of the algorithm, it is necessary to determine the optimal number 
of generation in which the algorithm will find a satisfactory solution in a relatively short period (real-time), which would be 
acceptable. In this case, as the optimal solution, was accepted solution whose objective function value is 868.9127 mm, with a
population size of 5000, and the number of generations 10000, for the execution of which has been required 918.6998 seconds 
(15.3116 minutes), relative to the solution whose objective function value is 866.5838 mm, with the value of the size of the 
population in the amount of 10000, and the number of generations 20000, for the execution which is almost four times longer, or 
3447.5238 seconds (57.4587 minutes). The program was performed on a work station HP EliteBook 8560w, i72820 QM CPU, 
2.3GHz, 16 GB of RAM. 
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Graphical representation of impact of the number of generations for the aforementioned value of the fitness function, is shown 
in Fig. 6a. The Figure shows that the value of the fitness function approximately improves, from the initial generation to the final 
generation, which is an indicator of optimization unfolding. Fig. 6b represents  the optimal tool path for the best fitness value 
which result is shown on Fig. 6a. 
 
 
 
 
    
a) b)
Fig. 6 (a) Impact of the number of generations to the best fitness value; (b) The optimal tool path for the best fitness value
Because the genetic algorithm running multiple (which typically generates a new solution), some of the obtained solutions, as 
a result, give the same distance but with a different path drill. 
4. Conclusion 
In this paper was tried to find (by using of genetic algorithm) a sequence of drilling path that provides the shortest route, 
respectively, reduction of the total work time and increase efficiency, in relation to the route obtained by CAM software 
(WinCAM, CAMConcept and CATIA V5). Although, these software contains, or have built-in, modules for optimization of the 
tool path, the genetic algorithm provides a more favorable solutions or solutions closer to the optimum. Genetic algorithm 
provides a lot of good solutions in relation to the CAM software, but we can conclude that the complex software like CATIA 
provides more significant results in relation to the educational software (CAMConcept).  
Efficiency of the algorithm is reflected in the selection of genetic operators such as reproduction (selection), crossover and
mutation, as well as in the choice of parameters such as population size, the number of generations or iterations, the probability 
of crossover and mutation probability, which significantly influence on the behavior of these operators. 
The algorithm in a relatively short time finds an optimal solution and therefore is reliable for use. In further research, the 
defined problem could be resolved with the possibility of modifying the proposed genetic algorithm, using some of the known 
metaheuristic methods (ACO, PSO, etc.) or with the possibility of combining with one of the methods for searching of local 
optimum, which leads to faster convergence of each individuals to its optimum, which is a potentially the global. 
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